ABSTRACT Old and New World phlebotomine sand ßy species were screened for infection with Wolbachia, intracellular bacterial endosymbionts found in many arthropods and Þlarial nematodes. Of 53 samples representing 15 species, nine samples of four species were found positive for Wolbachia by polymerase chain reaction ampliÞcation using primers for the Wolbachia surface protein (wsp) gene. Five of the wsp gene fragments from four species were cloned, sequenced, and used for phylogenetic analysis. These wsp sequences were placed in three different clades within the arthropod associated Wolbachia (groups A and B), suggesting that Wolbachia has infected sand ßies on more than one occasion. Two distantly related sand ßy species, Lutzomyia (Psanthyromyia) shannoni (Dyar) and Lutzomyia (Nyssomyia) whitmani (Antunes & Coutinho), infected with an identical Wolbachia strain suggest a very recent horizontal transmission.
Wolbachia ARE MATERNALLY transmitted intracellular symbionts belonging to the ␣-proteobacteria known to infect many arthropods and nematodes (Werren and OÕNeill 1997 , Bandi et al. 1999 , Stouthamer et al. 1999 , Bourtzis and Braig 1999 . These bacteria have attracted attention because infection often inßuences host reproduction. The most common reproductive phenotype, cytoplasmic incompatibility, results in embryonic mortality when a Wolbachia-infected male and an uninfected female are crossed or a male and female infected with different strains of Wolbachia are crossed (Hoffmann and Turelli 1997) . In addition, Wolbachia infections have host-speciÞc effects, including enhancement of fecundity (Vavre et al. 1999) , induction of parthenogenesis (Stouthamer 1997) , and feminization of genetic males (Rigaud 1997) . The reproductive manipulations associated with Wolbachia infection in insects all enhance the vertical transmission of this bacterium, often at the expense of the host it infects. In contrast, Wolbachia infections of nematodes appear to be required by the worm for successful reproduction and development, indicating a switch to "classic mutualism" (Taylor and Hoerauf 1999) .
Phlebotomine sand ßies (Diptera: Psychodidae) are vectors of several viral, bacterial, and protozoal diseases of humans and other animals (Lane 1993) . Currently, only one Wolbachia sequence has been reported from this family in one Old World sand ßy species, Phlebotomus (Phlebotomus) papatasi (Scopoli) , Cui et al. 1999 . Systematic surveys for Wolbachia in sand ßies have not been undertaken despite the potential applications of Wolbachia infections as a control method for vector-borne disease (Beard et al. 1993, Curtis and Sinkins 1998) as well as their effects on genetic variability in insect populations (Ballard et al. 1996) . Here we report the results of polymerase chain reaction (PCR) screening of phlebotomine sand ßies for the presence of Wolbachia and the phylogenetic relationships of the Wolbachia surface protein (wsp) gene fragments detected.
Materials and Methods
Insects. Species of phlebotomine sand ßies and locations where the samples were originally collected are listed in Table 1 . PCR Amplification. DNA was prepared from the STE boiling method (OÕNeill et al. 1992) . For each DNA preparation, two to three ßies were pooled. The samples were screened for the presence of Wolbachia using 81F and 691R wsp surface protein gene primers . When the result was positive, more ßies from the same population were tested individually to conÞrm the infection. A 20 l PCR reaction mixture consisted of 1ϫ buffer, 2.5 mM MgCl 2 , 0.25 mM dNTP, 0.5 M each of the two primers, one unit of Taq DNA polymerase and 1 l of DNA. The PCR cycling proÞle consisted of 2 min of the initial heating at 94ЊC, 35 cycles of melting at 94ЊC for 30 s, annealing at 55ЊC for 30 s, extension at 72ЊC for 1 min, and the Þnal extension at 72ЊC for 10 min.
Cloning and Sequencing. Positive PCR products were ligated into a pGEM-T vector (Promega, Madison, WI) in a 10-l reaction overnight at 4ЊC and then transformed into DH5␣ E. coli. At least three independent clones per sand ßy species were sequenced in both directions to identify PCR errors, and the majority-rule consensus was taken as the wsp sequence of each Wolbachia strain detected. No evidence was seen for multiple infections by either sequence analysis or PCR subgroup typing ).
Phylogenetic Analysis. Partial wsp gene sequences from 20 strains of Wolbachia from insects (see Table  2 for the details of the sequences used) and the newly obtained wsp sequences from sand ßies were aligned using the clustal algorithm based on amino acid translations followed by manual modiÞcations. The alignment was back-translated to DNA sequences encompassing 611 bp from which two hyper-variable regions (bases 217Ð252 and 520 Ð582) were excluded from analyses because the sequences in these regions could not be aligned with conÞdence. The Þnal alignment is available at ftp://ftp.ebi.ac.uk/pub/databases/embl/ align/under accession number DS42468. The phylogeny was constructed in PAUP 4.0b2 using a maximum likelihood algorithm (Swofford 1998 
Results
Nine samples from four sand ßy species were positive for Wolbachia from 53 samples covering 15 species of phlebotomine sand ßies (Table 1) . The wsp gene fragments were cloned from each of these four species. The lengths of the fragments were 564 bp for Phletobomus (Phlebotomus) papatasi, 555 bp for Phlebotomus (Larroussius) perniciosus Newstead, and 579 bp for both Lutzomyia (Psathyromyia) shannoni (Dyar) and Lutzomyia (Nyssomyia) whitmani (Antunes Coutinho). The sequences obtained from the two P. papatasi samples were identical to each other and were also identical to the previously published wsp sequence from P. papatasi from Israel except that the previous sequence contained one ambiguous base at one position ). The wsp sequences obtained from L. shannoni and L. whitmani were identical. Based on the nomenclature system proposed by Zhou et al. (1998) we have assigned the following names to the new Wolbachia strains described herein: wPrn for the Wolbachia strain infecting P. perniciosus (Genbank accession AF237884), wWhi for the strain infecting L. whitmani and L. shannoni (Genbank accession AF237885 and AF237886, respectively). An unrooted phylogram based on maximum likelihood analysis of wsp genes is shown in Fig. 1 . The Wolbachia from P. papatasi, L. shannoni, and L. whitmani cluster with other described A-group Wolbachia whereas that from P. perniciosus falls within the B-group. The identical wsp sequences of the two samples of P. papatasi were placed in the clade including the Haw and Pap subgroups. All sequences in this clade contain an insertion of 15 nucleotides at the 5Ј end of the wsp gene that is lacking in other wsp sequences. The division between the Pap subgroup and its sister group the Haw subgroup is strongly supported by bootstrap analysis (Fig. 1) . The Wolbachia strain from P. perniciosus forms a new subgroup Prn because the shared sequence identity between wPrn and wCon in the closest sister subgroup is 94.6% (see Zhou et al. 1998 for the 2.5% rule). The Wolbachia strains from the two Lutzomyia species were placed in the new Whi subgroup as a sister subgroup to the Dro subgroup because the sequences of wWhi and wDro only share 85.0% sequence identity. The sequences from Lutzomyia were six nucleotides longer in the last hypervariable region (Braig et al. 1998 ) than any other wsp sequences shown in Fig. 1 . Bootstrap analysis indicates that the division between the Whi subgroup and its sister group Dro is not well resolved.
Discussion
Wolbachia were detected in 27% of the sand ßy species sampled. This is higher than the average reported Wolbachia prevalence in insect species of around 16% (Werren 1997) to 22% (West et al. 1998) although these 15 species represent only a small subset of the 800-plus known sand ßy species. The PCR method for detecting a wsp sequence is prone to reporting false negative results (unpublished data). Consequently, the frequency of these infections within species is probably underreported. The Þve Despite the fact that these four sand ßy species are in the same family and are more closely related to one another than to insects in other orders or families, the wsp sequences were consequently grouped into three different clades across the A-and B-group Wolbachia (Fig. 1) . This indicates that different sand ßy species have been infected with different Wolbachia strains on separate occasions. Previous studies have indicated that P. papatasi has unusually low variability in mitochondrial DNA haplotypes (Esseghir et al. 1997) . One proposed explanation for the observed low variability is a recent dispersal from a refugium followed by out-breeding throughout large but ecologically uniform regions (Esseghir et al. 1997) . However, sand ßies in general are not known to be strong ßyers (Lane 1993 ). An alternative explanation is that Wolbachia may be indirectly suppressing mtDNA haplotype variability. Similar effects have been detected in D. simulans (Ballard et al. 1996) where it has been hypothesized that recent Wolbachia sweeps have reduced haplotype diversity (Hoffmann and Turelli 1997, Shoemaker et al. 1999) . The wsp sequences obtained from L. shannoni and L. whitmani were identical despite being obtained from hosts in two different subgenera. One hypothesis is that the infection is ancient, predating the radiation of this group of sand ßies. However, this explanation requires the secondary loss of Wolbachia infections from other Lutzomyia species. In addition, an ancient infection will have accumulated mutations in the wsp genes between these two hosts. The second, more probable hypothesis is that a transfer of the wWhi strain has occurred between the two species.
The preliminary screening suggests that the Wolbachia infections may not be at Þxation within each species even from areas in geographical proximity. A more thorough future analysis is required to determine the prevalence and distribution of the infection in sand ßies. Moreover, the effects of Wolbachia on reproductive phenotypes remain to be established. These insects are relatively difÞcult to colonize and maintain; single pair matings required for determination of cytoplasmic incompatibility will be a laborious undertaking. The Þnding of natural Wolbachia infections in a number of sand ßy species suggests future potential for using these infections to manipulate the competence of sand ßies to transmit pathogens (Sinkins and OÕNeill 2000) .
